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1. Introduction 
Sol-gel technology allows the deposition of 1m thick oxide films onto a variety of 
substrates at temperatures well below those conventionally used for bulk ceramic 
processing. Thin film processing temperatures as low as 500-700oC are typically used 
allowing ceramic materials to be incorporated into the silicon processing stages (Ohno et al., 
2000; Wu et al., 1999). In addition, low processing temperatures reduce the inter-diffusion of 
atomic species between the different thin film layers and ionic vaporization, such as: lead in 
lead zirconate titanate oxide (PZT) films (Wu et al., 1999; Jeon et al., 2000). PZT thin films 
have been largely deposited in order to produce several types of devices, such as: membrane 
sensors, accelerometers and micromotors (Barrow et al., 1997). However, devices requiring 
larger actuation forces (i.e. high frequency transducers, vibration control devices) require 
thicker piezoelectric films (Tsurumi et al., 2000). In these cases, it is not practical to produce 
thick PZT films using standard sol-gel techniques, because of the increased cracking risk 
due to shrinkage nor is it desirable to produce thick films by a repetitive single layer 
deposition process due to the time required (Barrow et al., 1995; Zhou et al., 2000). 
The interest in ferroelectric lead zirconate titanate thick films for device applications, 
including high-frequency ferroelectric sonar transducers (Bernstein et al., 1997), micro-
electromechanical system devices (Polla & Schiller, 1995; Myers et al., 2003; (Akasheh et al., 
2004), elastic surface wave devices (Cicco et al., 1996), hydrophones (Chan et al., 1999) and 
sensors (Xia et al., 2001), has increased in the last decades because PZT ferroelectric thick 
films possess the merits of both bulk and thin film materials (Barrow et al., 1997; Ledermann 
et al., 2003). PZT thick films devices not only work at low voltage and high frequency, as 
they are compatible with semiconductor integrated circuit, but also possess superior electric 
properties approaching near-bulk values. Naturally, processing of PZT thick films has also 
become an increasingly popular research field. Some approaches that have recently been 
studied to process thick films include electrophoretic deposition (Corni  et al., 2008), pulsed 
laser deposition (Yang et al., 2003), screen printing (Walter et al., 2002) and sol-gel (Xia et al., 
2001; Wang et al., 2003; He et al., 2003). Among them, the hybrid sol-gel technique has a 
special interest due to its low preparation cost and excellent stoichiometric control. Sol-gel 
also offers the capability to lay down thick layers anywhere between 0.1m and 100m, a 
thickness range that is difficult to achieve by other deposition techniques. 
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In this chapter an exhaustive review of the preparation of PZT thick films by infiltration 
method will be presented. Solution powder agglomeration, film densification, phase 
formation temperature, among others, will be some of the topics that will be analyzed. 
Finally, the structural and electrical properties of the PZT thick films as a function of the 
number of solution infiltrations will be highlighted. 
2. Formation and structural characterization of the thick PZT films 
2.1 Flow diagram of hybrid PZT films 
It is well-accepted that hybrid powder sol gel coating technology is an excellent technique to 
develop high quality thick ceramic films of more than 1m, while all the benefits of sol gel, 
i.e. ease of fabrication, ability to coat complex geometries and relative cost effectiveness, 
remains intact (Barrow et al., 1997; Barrow et al., 1995; Dorey et al., 2002, Pérez et al., 2007). 
It is also known that high-quality lead zirconate titanate (PZT), yttria- and ceria-stabilized 
zirconia, titania, silica and alumina thick films with more than 100 m could be fabricated 
by this method (Barrow et al., 1995). However, questions remain; for instance, which are the 
advantages and disadvantages of this method? 
It is clear that the advantages of the method are associated with the possibility to obtain 
high-performance thick films with up to 100m on a variety of substrate material and 
shapes, but what about the disadvantages? The main problem of this method is associated 
with the difficulty to obtain dense films that reproduce the ceramics properties. This 
problem affects all type of thick films; however, it is more pronounced in ferroelectric 
materials like PZT, where the dielectric, ferroelectric and piezoelectric properties are highly 
influenced by the film densification.   
The preparation process of thick films, specifically PZT, is divided into two main steps: i) 
the selection of the sol-gel matrix and ii) the dispersion of the PZT precursor powder in the 
sol-gel matrix. The sol-gel matrix is selected taking into account its composition, viscosity, 
and endurance to aging, etc. Once the selection of the sol-gel matrix is completed, the 
second step is the dispersion of the PZT powder into PZT sol-gel matrix. The powder 
dispersion process guarantees the homogeneity of the suspension and eliminates the 
possibility of agglomerate formation. 
Several authors have considered that this step is fundamental in the preparation of high 
quality thick films (Barrow et al., 1997; Barrow et al., 1995; Pérez et al., 2007; Kholkin et al., 
2001; Simon et al., 2001], because it determines the powder agglomeration degree and 
subsequent densification of the films. Few authors have showed that the level of powder 
agglomeration inside the sol gel matrix depends on the shape and size and the method used 
to obtain these powders (Simon et al., 2001). Moreover, it is consensual that agglomeration 
increases with time, due to the surface tension force and the sedimentation process.   
To avoid the agglomeration process that take places before and during the thick film 
preparation, some authors have used organic dispersants (i.e., buthoxyethoxy-ethyl acetate 
(BEEA)), high molecular weight solvents (i.e., -terpineol), binders (i.e., polyvinyl butyral 
(PVB)) and plasticizers (i.e., polyethylene glycol (PEG)). Figure 1 shows the grain size 
distribution of PZT and PT powders prepared by different synthesis routes, which were 
dispersed using the above-mentioned compounds (Simon et al., 2001). It is clear that powder 
preparation processes and consequently grain size and shape have a fundamental role in the 
powder agglomerate formation. For instances, PZT powder prepared by conventional solid 
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state oxide methods (dry method or DM) shows a mean grain size of 2.2 m, while PZT 
powder prepared by a coprecipitation process (web method or WM) shows a mean grain 
size of 1.9 m. Some readers could assume that a progressive decrease in powder size could 
contribute to a smaller powder agglomeration inside the sol-gel matrix, improving the films 
densification. However, this is not completely true, as when the power size decreases, the 
effective surface of the powder increases. This increase in the powder effective surface 
results in an increase of the surface tension force, which strongly contribute to agglomerate 
formation. An evident example can be observed in Fig. 1, the coprecipitation process 
produces smaller grain size PZT powders; however, during the sol-gel PZT power mixture a 
~10 m agglomerated is observed. 
 
 
Fig. 1. Grain size distribution of PZT and PT powders prepared by different synthesis 
routes, and dispersed using -terpineol solvent, BEEA dispersant, PVB binder and PEG 
plasticizer (Simon et al., 2001). (Copyright Elsevier) 
Similar agglomeration behavior is also observed in high molecular weight free sol gel 
matrixes. In this case authors have used an ultrasonic dispersion process combined with a 
relatively high viscous sol-gel matrix in order to eliminate the PZT powder agglomeration 
(Pérez et al., 2007). As the ultrasonic dispersion time increases, agglomerate formation 
decreases, as shown in Fig.2. It is clear that the ultrasonic process disperses the agglomerates 
resulting in an increase of low diameter differential volume. The reduction of the PZT 
powder agglomeration and the increase in the low diameter differential volume improve the 
densification of the film during the preparation and reduce the formation of closed pores, 
which cannot be filled by any post-deposition process, such as: infiltration.  
It is notable that the ultrasonic process eliminates the agglomerate formation; moreover, it 
also negates the use of the high molecular weight solvents, dispersants, binders and 
plasticizer, resulting in shorter drying and pre-annealing processes during the thick film 
preparation process. The elimination of high molecular weight compounds from the sol-gel 
matrix reduces in large scale pore formation, improving the PZT thick films densification. 
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Fig. 2. Distributions of the TRS600 PZT powder particle under different ultrasonic mixing 
times (Pérez et al., 2007). (Copyright Elsevier) 
Hybrid sol-gel/powder formation is followed by the film preparation process. The PZT 
thick film preparation process practically does not differ to the standard sol-gel thin film 
preparation (Barrow et al., 1997; Barrow et al., 1995; He et al., 2003; Dorey et al., 2002; Pérez 
et al., 2007; Kholkin et al., 2001). It is known that PZT thick films could be deposited in 
several types of substrates; however, it is common that PZT thick films are deposited onto 
platinized silicon wafers (Pt/Ti/SiO2/Si), due to the higher conductivity of the platinum 
(Barrow et al., 1995). Prior to the coating step the substrate should be cleaned to remove the 
substrate dirt. It is usual that the removing of any residual organics of the substrate surface 
involves low molecular weight volatile compounds, such us: methanol, ethanol, 
isopropanol, and acetone, among others. However, other techniques like ultrasonic bath and 
plasma etching are regularly used during the substrate cleaning process (Dorey et al., 2002; 
Pérez et al., 2007). Afterward, PZT thick films are grown up by depositing a consecutive 
number of layers. Each layer consists of an initial composite layer, which is deposited by 
covering the entire wafer surface with the composite slurry and then spinning for 30 s to 60 
s in the 2000-4000 rpm spinning frequency range. The spinning frequency and time are 
normally optimized in order to obtain the desire thickness of each individual layer, which 
depends on the powder mean size and also on the viscosity of the sol-gel matrix. 
Each individual layer is then subjected to a heat treatment process at an intermediate 
temperature designed to remove the organic component and to pyrolise the PZT sol-gel. 
This heat treatment process is divided in two step: 1) the drying process, which is carried 
out from 100ºC up to 300ºC during ~60 s and 2) the pre-annealing process (or calcination) 
that is carried in the 300ºC-500ºC temperature range form few seconds up to various 
minutes (Barrow et al., 1997; Barrow et al., 1995; He et al., 2003; Dorey et al., 2002; Pérez et 
al., 2007; Kholkin et al., 2001). The drying and pre-annealing temperature used in the heat 
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treatment of each layer should take into account the type of solvent and the organic 
compounds utilized in the preparation of the PZT sol-gel matrix and also the stoichiometry 
of the material that is to be prepared. For that reason, prior to the preparation process it is 
convenient to carry out the decomposition analysis of the sol-gel matrix by using 
thermogravimetric and differential thermal analysis techniques. These techniques supply 
the characteristic decomposition temperatures of the sol-gel matrix. Drying and/or pre-
annealing the PZT green layers above the characteristic temperatures should be carried out 
gradually, because it could result in the formation of cracks. 
On the other hand, PZT thick films prepared by a sol gel matrix rich in high molecular 
weight compounds, like dispersants, binders and plasticizers, show long drying and pre-
annealing processes that range from 1 hour up to 24 hours. The long time drying and pre-
annealing processes are necessary in order to evaporate the solvents and burn all the high 
molecular weight organic compounds used in the PZT sol-gel matrix preparation avoiding, 
therefore, the formation of crack in the films. 
Once the desire thickness is obtained the whole film is subjected to a crystallization stage 
where the pre-annealing sample is sintered at higher temperatures designed to develop the 
perosvkite phase. In the case of PZT thick films the sintering temperature (also known as 
annealing temperature) can vary from 400ºC up to 800ºC as a function of the 
zirconium/titanium ratio, while the annealing time could go from 30 up to 60 minutes. 
Using this technique, several authors have prepared thick, crack free PZT films (Barrow et 
al., 1995; Dorey et al., 2002; Pérez et al., 2007). However, Barrow et. al., (Barrow et al., 1995) 
were the first to attribute the crack free nature of these films to i) the presence of large 
amounts of powder that results in a decrease of the level of sol-gel present and hence lower 
shrinkage; (ii) strong bonding between the sol-gel and the PZT particles making cracking 
less likely. 
On the other hand, Wu et. al., (Wu et al., 1999) proved that the incorporation of PZT powder 
into the PZT sol-gel solution shows additional benefits. The addition of ~1 wt.% of PZT 
powder decreases the perovskite formation temperature by 50 ºC, increasing substantially 
the dielectric and ferroelectric properties of these films (Wu et al.,1999). It is believed that 
the incorporation of PZT micro-powders in a PZT sol-gel matrix promotes heterogeneous 
nucleation of the perovskite phase coming from the sol-gel, resulting in a randomly 
orientated PZT film. 
Dorey et. al., (Dorey et al., 2002) and Pérez et. al., (Pérez, 2004) observed that a graded 
structure is obtained when the PZT thick film is not infiltrated with the precursor PZT sol-
gel solution, during the preparation process. This graded structure results because the sol-
gel is drawn from the slurry into the underlying porous composite layer (Dorey et al., 
2002). It is believed that as the number of layers increased, the lower composite layers 
become further enriched with sol-gel. Thus, the bottom composite layer of a four layer 
structure will be effectively infiltrated three times (Dorey et al., 2002). It is evident that the 
infiltration of the bottom layer is conditioned by the porous infiltration saturation. Pérez 
et. al., observed that there is a progressive infiltration of PZT graded structure up to four 
infiltrations (Pérez, 2004). However, at higher infiltrations the porosity of the bottom layer 
practically does not change, which can be further explained based on Darcy´s law 
(Scheidegger, 1974). 
It is consensual that the formation of a graded structure is detrimental to the dielectric, 
ferroelectric and piezoelectric properties of the PZT thick films. Hence, an intermediate 
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infiltration of each individual composite layer and a final infiltration of the whole film are 
necessary, leading to a homogenization of the film structure, fixing the graded structural 
problem, as shown by Perez and co-workers (Pérez et al., 2007; Pérez, 2004). The infiltration 
of each individual layer with sol-gel prior to the deposition of the next composite layer 
results in a relative densification of the layer and a strengthening of the powder compact 
without shrinkage, while the final infiltration is used to improve the PZT thick film surface 
(Tu et al., 1995). Thus, with this method it is possible to produce high-quality PZT thick 
composite films with uniform densities and good surfaces. 
2.2 Infiltration of the PZT thick films 
It was mentioned above that the infiltration process of the PZT thick film could be explained 
based on Darcy´s law (Scheidegger, 1974). The experiments of Darcy were focused on the 
volumetric flow rate (Q) of the fluid through a sand column, which is similar to the 
infiltration of a sol-gel solution through a porous film. It can be observed that flow occurs 
only in the pore space. Thus, the effective area of flow is not the entire column cross section 
(A), but this area multiplied by the porosity (A). Note that although the porosity  is a 
volume fraction, it is also useful in determining an average effective area of flow. Thus the 
average speed of the macroscopically one-dimensional flow in a cross section of Darcy’s 
column relative to the solid grains is: 
 
v v
Q
A
l s     
(1)
 
where v
l
 is the velocity of the liquid in a porous media and v
s
 is the velocity of the media. 
It is clear that in the thick films case the velocity of the media is ~0.  
Taking into account that Darcy demonstrated experimentally that the volumetric flow rate 
of a liquid (i.e., water) down through the porous medium is proportional to the head 
difference across the sand column (h2 – h1), and the cross sectional flow area and is inversely 
proportional to the packed height of the column (L), such that: 
 
Q KA
h h
L
 2 1
 
(2)
 
where K is referred to as hydraulic conductivity (or permeability of the porous body) and it 
is a function of both the porous medium and the fluid properties, being practically constant 
for a particular packing even when the flow rate in the column changes. One can obtain the 
differential form of Darcy´s law, combining the equations 1 and 2 when the limit of the 
column length is reduce (L0), as shown: 
 
( )v v K dh
dz
l s l 
  
 (3)
 
where the hydraulic conductivity (Kl ) has been labelled with a superscript (l ) to emphasize 
that in a particular medium, its value will depend on the properties of the fluid phase. 
q v vl l s  ( ) In a general case the Darcy velocity can be represented in terms of the gradient of 
pressure elevation heads as: 
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 q
K
g
P gl
l
   ( )  (4) 
where  is the density of the liquid and P the pressure experimented by the liquid. This 
equation is accurate when the pressure gradient in the liquid column is balanced by 
gravitational forces. For this equilibrium state, the Darcy velocity is zero. The equations 
propose that for a “small” imbalance in the gradients that drive the flow, the Darcy 
expressions reasonably describe the velocity (or infiltration velocity). Confirming 
experimental evidence indicates that Darcy’s correlation is a useful expression to describe 
flow through porous medium (Scheidegger, 1974). It is clear that the Darcy velocity is not a 
true velocity of the fluid but represents an effective flow rate through the porous medium. 
Several pressures could influence the infiltration process. However, it can be resumed to 
three main pressures, the applied pressure Pa (which includes the hydrostatic pressure), the 
capillarity force Pc and the internal opposing pressure of the compressed gas Pi, as shown 
by Kholkin et. al., (Kholkin et al., 2001). During a “static” infiltration, such as used during a 
dip-coating process, the infiltration is mainly dominated by the hydrostatic pressure, the 
capillarity pressure and the internal opposing pressure of the compressed gas; however, 
during a “dynamic” infiltration, such as used during a spin-coating process, the infiltration 
is mainly dominated by the applied pressure due to the centrifugation process. 
Kholkin et al., (Kholkin et al., 2001) has predicted based on the modified Darcy´s law 
reported by Scheidegger et. al., (Scheidegger, 1974) (see Equation 5) that for a static 
infiltration process, where the flow of the liquid into the porous media in controlled by the 
capillarity pressure, the distance of liquid introduced in the PZT thick film (z) during the 
time (t=30s) is ≈ 2mm.  
  
z
KP
t ( )2
1
2
1
2
   
(5)
 
This value is 200 times greater than the thickness of the PZT thick film deposited in this study 
(~10nm). Authors suggest that this value was reached because they did not take into account 
the increase of the internal opposing pressure of the compressed gas due to the no evacuation 
of the replaced gas (Kholkin et al., 2001). However, there are other factors like the viscosity of 
the solution and the permeability of the porous body that should be taken into account. It is 
known that as the number of infiltrations increase, the viscosity of the solution increases, 
resulting in a decrease of the infiltration depth (Dorey et al., 2002). On the other hand, the 
permeability of a powder compact is expressed by the Kozeny-Carman expression: 
 
K
D
C
 
2 3
2
1
36
( )

 
(6)
 
where D is the average grain size and C de is a parameter that define the shape and 
tortuosity of the porous channel (Scheidegger, 1974). The C value for a powder compact is 
estimated as ≈5; however, it increases exponentially as the number of infiltrations increase, 
mainly because the porous size is reduced. It is believed that this is the major factor that 
reduces the infiltration depth in powder compact in general and in PZT thick films in 
particular. 
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In the next section, one analyzes the effect of the number of top infiltrations in structural, 
dielectric and piezoelectric properties of a intermediate infiltrated PZT thick film. Moreover, 
the dielectric properties of the infiltrated PZT thick films will be simulated based on 0-3 and 
cube ceramic/ceramic composite models, where the numbers 0 and 3 describe the 
connectivity of the two phases of the material (i.e., the sol gel matrix interconnected in the 
three directions (3) whereas PZT powder particles are not connected in any direction (0)) 
(Newnham et al., 1978). Finally, the structural and electrical results will be compared with 
the ones reported by Dorey et. al., and Ohno et al., in PZT thick film infiltrated with a high 
molecular weight prepared PZT solution (Ohno et al., 2000; Pérez et al., 2007). 
3. Structural, electric and piezoelectric characterization of the PZT thick films 
3.1 Structural and microstructural characterization of the infiltrate PZT thick films 
There are practically no differences between the structural and microstructural 
characterizations of thin and thick PZT films. However, it should be taken into account that 
PZT thick film phase formation, grain growth, crack formation, etc., are highly conditioned 
by the precursor powder and the powder agglomerate formation, while in PZT thin films 
they are mainly conditioned by the substrate structure, the characteristic of the PZT 
precursor solution and the preparation conditions. 
3.1.1 Structural characterization of the precursor powder and the infiltrated PZT thick 
films (X-ray analysis) 
Prior to the structural characterization of the PZT thick films it is important to carry out the 
precursor powder characterization. Figure 3 a) shows the X-ray diffraction pattern of the 
PZT TRS600 precursor powder used in the preparation of infiltrated PZT thick films (Pérez 
et al., 2007, Pérez, 2004). The diffraction pattern of this PZT powder shows the presence of a 
pure perovskite PZT phase and two marginal extra diffraction peaks (26.8o and 33.12o) that 
are associated with the lead excess and other additives (such as Nb2O5) used in the 
preparation of the commercial PZT powders (TRS, 1998, Kholkin et al., 2000). Normally, the 
additive compounds used in the preparation of commercial PZT powder have the objective 
of improving its dielectric and piezoelectric properties. However, they also show extra 
attributes when the PZT powders are used in the preparation of PZT thick films. For 
instances, the lead oxide excess present in the PZT precursor powder guarantee that the PZT 
thick films remain stoichiometric after the annealing process.  
Figure 3b) shows the X-ray diffraction patterns of PZT thick films prepared with different 
number of top infiltrations. The analysis of the (110) PZT diffraction peak shows a decrease 
of the width and a small shift of the peak position, relatively to the TRS600 PZT commercial 
powder, as the number of infiltration steps increases. It is evident that the infiltration 
process reduces the PZT thick film surface roughness, which results in a better relation 
between incident and diffraction angle of the films. For that reason, the decrease in the 
width of the (110) PZT diffraction peak is mainly attributed to the decrease of the surface 
roughness. 
In contrast, the shift in the peak position of the maximum as the number of top infiltration 
layers increase, has been associated with two factors: i) a small difference between PZT 
powder and PZT solution compositions and ii) a change in the stress of the films provoked 
by the infiltration cycle, which somehow compacts the film structure. 
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Fig. 3. X-ray diffraction patterns of a) TRS600 PZT precursor powder and b) PZT thick films 
prepared with different number of top infiltrations (0, 2, 4, 6, and 8) (Pérez et al., 2007). 
(Copyright Elsevier) 
Finally, a decrease in the intensity of the extra TRS600 X-ray diffraction peaks (visible at 
26.8o and 33.12o) is observed, showing that as the number of infiltrations increase the 
factional volume of the formed sol-gel PZT phase is more palpable. This fact emphasizes the 
idea that as the number of infiltrations increases the number of pores decreases due to a 
complete coverage by the sol-gel solution. Moreover, the decrease in the 26.8o X-ray 
diffraction peak could be also associated with the possible evaporation of the lead oxide 
during the PZT thick film heat treatment process. 
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3.1.2 Microstructural characterization of the infiltrated PZT thick films (SEM analysis) 
Following the crystallographic structural analysis, the microstructural analysis of standard 
and infiltrated PZT thick films reveals important aspects like: surface roughness, surface 
cracks, powder agglomeration, film thickness, porosity, among others. When the film is not 
infiltrated it is easy to observe cracks and small powder agglomerates in the surface of the 
films, while after few infiltrations the PZT thick films show a smoother and crack-free 
surface, as shown in Fig.4. It is visible that the infiltration process results in a decrease of the 
film porosity, increasing the connectivity of the composite films. This fact is extremely 
important in order to improve the dielectric and ferroelectric properties of the PZT thick 
films. Moreover, the infiltration process also reduces the film surface roughness, which is 
helpful for a good adhesion between the film and the top electrode and for a correct 
estimation of the thickness of the films that will be used in the further calculation of the 
dielectric and ferroelectric properties. 
 
 
Fig. 4. SEM plan-view images of the PZT thick films with 0 (left) and 8 (right) top 
infiltrations (Pérez et al., 2007). (Copyright Elsevier) 
Figure 5 shows the SEM cross-section microstructure images of the PZT thick films prepared 
with 0 and 8 top infiltrations. Relatively dense microstructure is observed in the film with 8 
 
 
Fig. 5. SEM cross section images of the PZT thick films after 0 (left) and 8 (right) top 
infiltrations (Pérez et al., 2007). (Copyright Elsevier) 
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infiltrations, while film without infiltration shows a porous structure mainly in the last 
deposited layer. It is also visible in the cross section images that the infiltration process 
results in a decrease of the film porosity; however, there is some remaining porosity that 
cannot be eliminated. It is called internal or closed porosity and results from a premature 
closing up of the pores channels. 
Dorey et al., report a similar behavior in infiltrated PZT thick films using a high molecular 
weight precursor solution, as shown in Fig. 6 (Dorey et al., 2002). We can see that in films 
with four infiltrations of this solution, the internal porosity is higher than those reported by 
Pérez et. al., (Pérez, 2004). It is believed that the higher closed porosity observed in these 
films result from the increase of the density and viscosity of the precursor solution. 
Nevertheless, other factors like average grain size and shape and tortuosity of the pore 
channel should be also taken into account. 
 
             
Fig. 6. SEM cross section images of the PZT thick films after 0 (left), 2 center and 4 (right) 
infiltrations using a high molecular weight precursor solution (Dorey et al., 2002). 
(Copyright Elsevier) 
Surface roughness and porosity can be responsible for the possible deterioration of the 
dielectric constant and polarization values and the increase dielectric losses in PZT thick 
film. As mentioned, they are highly affected by the infiltration process. For this reason, in 
the next section one presents the dielectric, ferroelectric and piezoelectric behavior of the 
PZT thick films as a function of the number of infiltrations. 
4. Electrical properties of the PZT thick films as a function of the number of 
infiltrations 
We have already seen that in PZT thick films the structural and microstructural properties 
are highly dependent on the number of infiltrations, but what about the dielectric, 
ferroelectric and piezoelectric properties? It is well-known that in bulk materials the 
dielectric, ferroelectric and piezoelectric properties are highly dependent on grain size, 
porosity, phase formation, stoichiometric, crystallographic orientation, amongst others. 
However, in PZT thick films this dependence may be notably different because the 
electrical properties are also affected by substrate clamping, surface powder 
agglomeration and the mixture of phases coming from the precursors PZT powder and 
PZT sol-gel solution, etc. 
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4.1 Dielectric behavior of the PZT thick films as a function of the number of 
infiltrations 
Figure 7 shows the dielectric constant and dielectric losses behavior reported by Pérez and 
co-workers for infiltrated PZT thick films (Pérez et al., 2007). It is observable that the 
dielectric constant increases as the number of infiltrations increase, while the dielectric loss 
remains around 0.05. This dielectric constant behavior is consistent with the decrease in 
porosity as the film is infiltrated, reaching its maximum around 2320.  This value is far from 
the 3420 reported on the TRS600 PZT powder (Kholkin et al., 2001, TRS, 1998). However, it 
should be taken into account that a phase mixture is presented in the PZT thick film, being 
the dielectric constant of the PZT layer obtained from the sol-gel solution ~1900 (Pérez et al., 
2004), and, furthermore, that there is some closed porosity . 
The increases in the dielectric constant as the number of infiltrations increase could be easily 
explained based on connectivity models (Barrow et al., 1997; Kholkin et al., 2001). These 
models describe the connectivity degree between the PZT powders particles inside the PZT 
films matrix formed after the deposition process. 
4.1.1 Dielectric constant models for connected composite material 
Based on the deposition process of the PZT infiltrated thick films reported by Pérez and co-
workers, which includes intermediate infiltrations, the dielectric constant might be modeled 
as a 0-3 composite material, where the sol gel matrix is fully connected in three directions 
and the ceramic particles (powder) are not connected in any direction. Assuming that the 
particles are uniformly dispersed in the sol gel matrix, then the resulting dielectric constant 
can be given by (Moulson & Herbert, 2004): 
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1
3
2
( )
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where 1 is the dielectric constant of the PZT powder, 2 is the dielectric constant of the sol 
gel matrix, and V1 is the volume fraction of the ceramic powder.  
Practically, this equation is only valid for low powder volume fraction values V1<0.1 
(Barrow et al., 1997), because at higher concentrations, the dispersed phase starts to form 
continuous structures throughout the bulk that have nonzero connectivity. However, due to 
the intermediate infiltration process carried out in the preparation of the PZT thick films the 
0-3 connectivity is practically maintained. Thus, this model can be applied for relatively 
higher powder volume fraction values. 
Although the 0-3 connectivity model is not faraway from reality, a more likely scenario is 
that proposed by Pauer (Barrow et al., 1997; Pauer, 1973], where the material exists in a 
combination of series and parallel phases (cube model). In this case the effective dielectric 
constant can be calculated by: 
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(8)
 
Assuming that in a highly infiltrated PZT films the powder/solution volume fraction is 
0.66/0.33, the dielectric value calculated by both models is ~2580, a little higher than the one 
obtained in the experimental results (see Figure 8). Note both models did not take into 
consideration the porosity of the films. For that reason, we could expect lower effective 
dielectric values than 2580. 
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Fig. 7. Dielectric behavior of the PZT thick films, prepared based on a low molecular weight 
precursor solution, as a function of the number of infiltrations (Pérez et al., 2007). 
(Copyright Elsevier) 
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Fig. 8. Dielectric constant of PZT composite predicted by 0-3 composite and cube models. 
Inset plot shows the dielectric constant values calculated taking into account a 30% to 0% 
variable porosity in parallel with the PZT composite (0.66/0.33 powder/solution ratio). 
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In the hypothetic scenario that 8% of the films is free space or porosity filled by air and also 
that they are connected in parallel with the composite material (powder/solution), the 
dielectric constant values match with the experimental results (see inset plot Figure 8). At 
the extremes, one observes deviations from the experimental values due to the irremovable 
porosity at higher dielectric volume fraction and the actuation of a serial porosity 
component at a “lower” composite volume fraction. The irremovable porosity is enclosed in 
the powder agglomeration, which hinder its elimination while the serial porosity 
contribution appears when the composite films are not infiltrated. It is clear that in non-
infiltrated PZT thick films the porosity contributes to both serial and parallel capacitances of 
the system, degrading the dielectric constant of these films. 
4.2 Ferroelectric behavior of the PZT thick films as a function of the number of 
infiltrations 
Figure 9 shows the hysteresis loop of PZT thick films prepared using different number of 
infiltrations. It is visible that the remnant polarization values increases with the increase of 
the number of infiltrations. A large remnant polarization in the orders of Pr=35 C/cm2 and 
a small coercive field Ec=59 kV/cm are obtained in PZT thick film prepared with 8 top 
infiltrations, as shown in the inset of Figure 9. The remnant polarization value is similar to 
the one reported for 1m coating PZT films prepared using a modified solution (Pérez et al., 
2004). However, the coercive field is lower suggesting that it is easier to switch the 
polarization in infiltrated PZT thick films. In this study, the polarization trend results for a 
decrease of the porosity and improvement of the films surface as the number of infiltration 
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Fig. 9. Remnant polarization of the PZT thick films as a function of the number of top 
infiltration. Inset plot show the hysteresis loop of the films with 0 and 8 infiltrations (Pérez 
et al., 2007). 
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increase. It is comprehensible that as the channel of the pore and the pore size itself are 
reduced; the infiltration becomes more and more difficult, resulting in a blocking of the 
infiltration process. The saturation in dielectric constant and remnant polarization also 
indicates that infiltration and pore size reduction is almost stopped for higher number of 
infiltrations. 
4.3 Piezoelectric behavior of the PZT thick films as a function of the number of 
infiltrations 
Figure 10 illustrates the piezoelectric coefficient as a function of the number of infiltration 
and the piezoelectric loop of the PZT thick film prepared with 8 top infiltrations. The trend 
in the piezoelectric coefficient is similar to those reported for the polarization, showing a 
piezoelectric coefficient (d33) of ~65 pm/V in the films with 8 top infiltrations. It is notable 
that the piezoelectric coefficients observed in the 8 times infiltrated PZT thick film is of the 
same order of magnitude as those reported for a 1m PZT coating films prepared using a 
modified solution (Pérez et al., 2004). On the other hand, in the non-infiltrated film the 
piezoelectric coefficient is not reported due to the high surface roughness, which does not 
allow the piezoelectric measurement of this film. 
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Fig. 10. d33 piezoelectric thick film behavior as a function of the number of infiltrations. Inset 
plot show the piezoelectric loop of the PZT thick films prepared using 8 top infiltrations. 
Dorey et. al., reported the same piezoelectric coefficient (~65 pm/V) for PZT thick film 
infiltrated with a high molecular weight solution (Dorey et al., 2002). The d33 coefficients 
obtained by Dorey and Pérez suggests that the piezoelectric response of the infiltrated PZT 
thick films is highly conditioned by the piezoelectric response of the PZT phase formed from 
the sol-gel solution (Dorey et al., 2002; Pérez et al., 2007). 
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Finally, it should be noted that although the piezoelectric coefficient of highly infiltrated 
PZT thick film does not reach the piezoelectric coefficient of the PZT ceramics, it is good 
enough for micromechanical applications. Note it is much higher than for non-ferroelectric 
piezoelectrics clamping by rigid substrate (ZnO, AlN) (Trolier-McKinstry & Muralt, 1973) 
and in the same order as that of PZT thin film deposited onto a platinized substrate (Pérez et 
al., 2004). 
5. Conclusion  
In this work an exhaustive review on the preparation of PZT thick films have been carried 
out, taking specific focus in the effect of the infiltration in the preparation of high-quality 
films. Solution powder agglomeration, films densification, phase formation temperature, 
among others, have been analyzed. Moreover, the infiltration process is discussed based on 
Darcy´s law, while the improvement of structural and microstructural properties has been 
analyzed as a function of the infiltration process. The dielectric properties are characterized 
as function of the number of infiltrations and the results compared with those obtained by 
the 0-3 composite connectivity and the cube models.  Finally, ferroelectric and piezoelectric 
properties are also discussed, as function of the number of infiltrations. 
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